INTRODUCTION
Attempts at quantitative evaluations of olfactory stimuli usually take the form of threshold determinations for specific compounds selected either because of structural similarities or because of some subjective characteristic of their odors. Considering the advantages of working with homologous series of aliphatic compounds, it is surprising that so few olfactory studies of these series have been undertaken. Those investigations which have been reported were concerned almost exclusively with the effects of homologous compounds on the human olfactory sense. The chosen criteria of effectiveness were recognition thresholds I or subjective iso-intensity values (Beck, Kruger, and Calabresi, 1954) . Generally speaking the data obtained with human subjects have been too scanty and the samples too small to permit of extensive analyses of the relations between carbon chain length or colligative properties and stimulating effectiveness. By contrast, a most extensive series of data was collected from a study of the olfactory responses of blowflies to homologous alcohols of the series CH~OH to C12H2~OH (Dethier and Yost, 1952) . The comparative facility with which such data can be collected augurs well for the continued use of these insects as experimental animals in studies of the physiology of olfaction.
The olfactory rejection thresholds of the blowfly for alcohols decrease logarithmically as the carbon chain length is increased. When expressed as molar concentrations the thresholds are directly proportional to vapor pressures. However, when expressed in units of thermodynamic activities, they are approximately equal, especially over the range of intermediate chain lengths. The higher and lower homologues tend to be rejected at higher activities. This relation is reminiscent of that characterizing the action of many narcotic and toxic series on a wide variety of vertebrates and invertebrates. Such conformity emphasizes the potential value of determining whether the olfactory relations found for the alcohols are unique for this series or are of more widespread occurrence. Furthermore, since the criterion of response upon which the values are based, namely, the rejection threshold, represents a concentration which x See International Critical Tables, New York, McGraw Hill Book Company, Inc., 1926, 1~ 360. 743 approaches the toxic, one is constrained to discover whether the relationships revealed by this rather drastic threshold are independent of the criterion of response chosen for measurement. The present study was undertaken with these questions in mind. The normal aliphatic aldehydes were selected for use primarily because, as far as flies are concerned, they have a dual effect. They attract at low concentrations and repel at high. Thus it has been possible to measure olfactory thresholds of acceptance and rejection for the series from CH3CHO to CH3(CH2)12CHO.
Materials and Methods
Threshold values were calculated from data obtained through the use of an olfactometer described in detail by Dethier and Yost (1952) . This device delivers two streams of air or vapor of known concentration to a cage containing one hundred flies. Light shines through the incurrent ports to the cage, and when air is entering both ports, the flies, attracted by the light, congregate in equal numbers before each port. When odor replaces the air at one port, the distribution of flies shifts so that a greater number congregates at the test port if the odor is attractive and a lesser number if the odor is repellent. The concentration which causes the number of flies at the test port to be increased by 50 per cent is termed the median acceptance threshold. The concentration which causes the number of flies at the test port to be decreased by 50 per cent is termed the median rejection threshold. Records of distribution are made photographically.
Median rejection thresholds were calculated according to the short method of Miller and Tainter (1944) , but the method of Bliss (1938) was also employed with a few representative compounds as a check. The results obtained by the two methods were found not to differ significantly. For acceptance thresholds the value chosen for comparison was the concentration eliciting maximum rather than median response. The reason for this choice is given in the following section. The aldehydes used were products of Matheson, Coleman, and Bell, Inc.
RESULTS AND DISCUSSION
The behavior of the blowfly (Phormia regina Meigen) toward the aliphatic aldehydes is representative of the general behavior of many insects toward a wide variety of volatile compounds. As the concentration of vapor is increased from a subliminal value, a succession of responses is elicited from the insect. In the case of Phormia the first consists of movements of the antennae and cleaning movements of the legs. As the concentration is increased, the fly" begins to move toward the source of odor. The vapor may now be said to be attractive and continues so over a limited range. Further increase in concentration causes the fly to move away from the source of odor which is now acting as a repellent.
For any population of flies there is measurable variability in acceptance and rejection thresholds. Thus as concentration is increased above recognition threshold more and more flies move toward the source of odor. As the increase of concentration continues further, those flies with the lower thresholds are now repelled. With each additional increase a greater proportion of the population is repelled. These relationships are illustrated in Fig. 1 by data obtained from experiments with a related insect, the house fly (Musca domestica L.).
When either segment of the curve, i.e. the portion representing repellency alone or that representing attraction alone, is plotted on logarithmic probability paper, the relationship between the concentration and the percentage of the population responding is linear. Thus there is a normal distribution of thresholds with respect to the logarithm of concentration. This relationship holds true for all the aMehydes studied and was true of the alcohols studied previously. It is abundantly clear that this is a fundamental relationship characteristic not only of blowflies with respect to contact chemical and olfactory stimulation but also of many other animals with respect to a variety of sensory phenomena (Dethier and Chadwick, 1948; Dethier and Yost, 1952) .
For the aldehydes the range of concentrations which are acceptable is very narrow as compared with the range over which repellency operates. Consequently, it is extremely difficult with present experimental methods to measure response at a number of points sufficient for a satisfactory analysis of the median acceptance threshold. This is one reason why the criterion of acceptance chosen for comparison was the concentration of maximum response rather than the median. Furthermore, the range of concentrations over which there is an interaction between attraction and repellence is very narrow. It is probable that the point of crossover from attraction to repellency, recorded experimentally as zero repellency (because the flies are evenly distributed before the two ports) is not truly zero. In other words, at the concentration in question the even distribution of flies is not equivalent to the even distribution found at subliminal concentrations. Without following the activities of individual marked flies, it appears impossible at this time to analyze satisfactorily the interacting effects in the range of crossover. In any event, there is reason to believe that the median rejection threshold may actually be somewhat lower than the values reported because of the mutual masking of attraction and Ferguson and Pirie (1948) . Remaining values were calculated from tables compiled by Dreisbaeh (1952). repellency in this area. The calculated thresholds are based for convenience upon the assumption that the value measured as zero repellency is truly zero. Nevertheless, for purposes of comparison and in order to attempt to define the relationship between the chemical and physical properties of straight chain aldehydes and their olfactory stimulating effect the relative values listed in Table I have been found useful.
Twelve normal and one isoaldehyde have been tested. As shown in Fig. 2 the plot of concentration at rejection against chain length is similar in nearly all respects to that found for the normal alcohols (broken line). The slopes of the three lines are not significantly different. When the actual threshold values in the two series are compared compound for compound, it is seen that the alcohol thresholds are consistently lower with the exception of octanol, but it should be noted that octanol gave an abnormally high value within its series (Table II) . Even though the true rejection thresholds of the aldehydes may be lower than actually measured because of the convention of recording the lowest measured ,\ 
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Fro. 2. Relation of olfactory thresholds (acceptance and rejection) for aldehydes to chain length. The broken line represents the relation for alcohols based upon the data of Dethier and Yost (1952) . The square and triangle represent rejection and acceptance thresholds respectively for iso-valeraldehyde. Acceptance tt~esholds are based upon maximum response. rejection in the crossover zone as zero, the correction would not be sufficient to move the aldehyde values below the corresponding alcohol values. The relative positions of the alcohols and aldehydes in this respect differ from those reported in studies of contact chemoreception (Chadwick and Dethier, 1949) in which solutions of aldehydes were found to be consistently more stimulating on a molar basis to tarsal chemoreceptors than the corresponding alcohols.
OLFACTORY RESPONSES OF BLOWFLIES
However, this last conclusion is true only when the comparisons are made on a molar basis. I n terms of thermodynamic activities the aldehydes are more stimulating than the alcohols both in respect to contact chemoreception and olfactory stimulation. When the compounds are acting in the vapor phase (olfaction) the threshold in activity units is derived from the expression pt/p, in which Pt is the pressure of the vapor at threshold and p, is the saturated vapor pressure, p, for the aldehydes is considerably larger than for the corresponding alcohols whereas pt is only slightly greater; hence the activities of the 
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Data for alcohol series from Dethier and Yost (1952) . aldehydes at threshold will be lower; i.e., the aldehydes are more stimulating.
For contact chemoreception the activities are calculated from the expression N X f in which N is the mole fraction at threshold and f is the activity coefficient at infinite dilution. Values for f for the aldehydes are not given in the literature; however, they can be approximated for the higher members of the homologous series in which the water solubility is so slight that in saturated aqueous solutions it closely approaches idealized solubility. The aqueous activity coefficient at infinite dilution is the reciprocal of the idealized solubility in water. For higher homologues the actual solubility of a saturated aqueous solution may be substituted. When this is done for hexyl alcohol, for example, a value of 960 is obtained for the activity coefficient. This Compares favorably with the measured value of 903. Assuming, therefore, that calculation of the activity coefficient of hexyl aldehyde from its solubility in saturated aqueous solution is probably in no greater error than that calculated for hexyl alcohol, the derived value of 1111 for the aldehyde may be used with fair assurance in subsequent calculations. Since it is reasonable to expect that the activity coefficients for the homologous aldehydes change with each additional methylene group as do those of the alcohols (of. Brink and Posternak, 1948) , it becomes possible by knowing the coefficient for one member to derive those of the others. From these an estimate can be made of the activity at threshold of the aldehydes acting on the contact chemoreceptors. Although the activity coefficients of the aldehydes appear to be slightly higher than those of the corresponding alcohols, the mole fraction at threshold is so much lower that the thresholds expressed as activities are lower than for the alcohols. Thus both in their action on contact tarsal chemoreceptors and on olfactory receptors the aldehydes are rejected at lower activities. The two series of compounds, alcohols and aldehydes, cannot be similarly compared in terms of olfactory acceptance thresholds because no measurable evidence of attraction to alcohol vapors was observed. However, the acceptance thresholds of the aldehydes are without exception considerably lower than the rejection thresholds, as might be expected. They are also lower than the corresponding alcohol rejection thresholds except in the case of the four and five carbon compounds in which aldehyde acceptance thresholds and alcohol rejection thresholds are nearly identical. Since the acceptance thresholds of butanol and pentanol, if measurable, would be lower than the rejection thresholds, this is a further indication that the alcohols are somewhat more stimulating on a molar basis than the aldehydes.
Altogether the differences between the two series, though fairly consistent, are not very great. And as was the case in contact stimulation of the tarsal receptors, it appears that the length of the carbon chain is of more importance in determining the stimulating effect of the compounds than is the nature of the polar group.
There is clearly a decrease in effective molar concentration as the chain length is increased regardless of whether the criterion of response measured is acceptance or rejection. With respect to this decrease the alcohol and aldehyde series are in agreement. The agreement between the two series is maintained when the threshold values are converted to units of activity. This was accomplished through use of the equation A = p~/p, in which pt --the pressure of the vapor at threshold and p8 --the saturated vapor pressure at the temperat + 273 ture of the experiment, p~ (mm.) -concentration in mol./l. X 22.41 X 27----~ X 760. The values for pt and p~ together with thresholds in molar concentrations and activities are given in Table I . Values for p, were obtained from the paper of Ferguson and Pirie (1948) and also by calculation from tables compiled by Dreisbach (1952) .
When expressed in these units the rejection thresholds do not differ greatly from one another over the range C2 to Cs. The values for C9 through C1~ are several times higher. The acceptance thresholds also show a similar though not quite so marked a trend. No attraction could be demonstrated for saturated vapors of undecanal through tetradecanal. In general the best agreement, i.e. the closest approximation to equality, is observed over the range of intermediate chain lengths. This fact had also been observed earlier with the alcohols. For both series there is a marked tendency for the higher homologues to stimulate at higher activities. There is also a tendency for the lower terminal members to act at higher activities. As was pointed out by Dethier and Yost (1952) the aberrant terminal values may result in part from the greater variability in measurement which seems to occur with these compounds. On the other hand, the very great increase in activity of the higher aldehyde homologues hardly seems explicable in terms of these errors.
In general the threshold data obtained from studies of the aliphatic alcohols and aldehydes are in close agreement and show that at least over intermediate chain lengths olfactory stimulation as measured by either rejection or acceptance thresholds is accomplished at approximately equal activities. This agreement between the two series suggests that the relationship may be of more general application to other homologous series. The relation is remarkably similar to that observed in comparable studies of narcotic and toxic agents (e.g. Ferguson and Pixie, 1948) . It is worth noting that in the present study as well as in that of Ferguson and Pirie the aldehydes as a group are effective at lower activities than the alcohols.
SUMMARY
The response of the blowfly Phormia regina to stimulation by aldehydes in the vapor phase has been studied by means of a specially designed olfactometer. The median rejection threshold and the maximum acceptance threshold were selected as criteria of response. For both acceptance and rejection the distribution of thresholds in the population is normal with respect to the logarithm of concentration. When thresholds are expressed as molar concentrations, the values decrease progressively as chain length is increased. There is no attraction beyond decanal and no rejection beyond dodecanal. When thresholds are expressed as activities, most members of the aldehyde series are approximately equally stimulating at rejection and equally stimulating at acceptance. The relationship is most exact over the middle range of chain lengths. There is a tendency for the terminal members to stimulate at higher activities. These relationships are in close agreement with those which were found earlier to apply to the normal aliphatic alcohols. The similarity between the relative actions of the members of the two series suggests that the relation of equal olfactory stimulation at equal thermodynamic activities by homologous aliphatic compounds at least for homologues of intermediate chain length may be of rather general application in olfaction.
